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PtdIns(3)P (phosphatidylinositol 3-phosphate) is a signaling molecule important for phagosome
maturation. The major role of Vps34 in production of phagosomal PtdIns(3)P has been indicated.
However, the fate of the newly generated PtdIns(3)P has not been well described. Here we show that
elimination of PtdIns(3)P from phagosomal membrane was signiﬁcantly delayed in RAW264.7 mac-
rophages lacking PTEN or PIKfyve. In the PTEN-deﬁcient cells treated with a PIKfyve inhibitor, deg-
radation of PtdIns(3)P was almost lost, indicating that PTEN and PIKfyve are two major players in
phagosomal PtdIns(3)P metabolism.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Phagocytosis is a process by which solid particles, including
invading microorganisms, are taken up by specialized phagocytes,
such as macrophages, neutrophils and dendritic cells [1–3]. The
process of phagocytosis involves speciﬁc cell-surface receptors.
One group of receptors, including mannose receptors and toll-like
receptors, interact directly with pathogens by recognizing con-
served motifs of the microorganisms. Another group of receptors
recognizes opsonins, serum components (e.g., antibodies and com-
plement components) that interact with the surface molecules of
foreign particles. The clustering of opsonin receptors on phago-
cytes induces the extension of membrane around the particle,
resulting in the formation of a phagocytic cup. The formed phago-
some then undergoes maturation, a series of fusion and ﬁssion
events that culminates in the formation of a phagolysosome; the
highly acidic, oxidative and protease-rich nature of the phagolyso-
some lumen is instrumental in microbial elimination.
The relative abundance of several phosphoinositide (PI) species
ﬂuctuates over the course of Fc receptor-mediated phagocytosischemical Societies. Published by E
ki).[4–6]. PtdIns(4,5)P2 increases rapidly during the formation of the
phagocytic cup and then disappears as the cup seals [7].
PtdIns(3,4,5)P3 also transiently accumulates in the membrane dur-
ing the formation of the phagocytic cup [8]. These events are
essential for the extension and the closure of the phagocytic cup
when enveloping relatively large particles [9,10]. Shortly after
the sealing of the phagocytic cup, PtdIns(3)P appears on the
nascent phagosome [11–14], an event necessary for driving phag-
osome maturation [13,14]. One pathogen, Mycobacterium tubercu-
losis, is reported to avoid killing by causing maturation arrest
through the secretion of a PI 30-phosphatase (SapM) [15].
The existence of multiple PI-modifying enzymes has been de-
scribed in mammalian cells [16–18]. The enzymes producing
PtdIns(3,4,5)P3 are referred to as class-I PI 3-kinases, and among
them, three members (p110a, p110b and p110d) can form a
complex with an adaptor protein, p85a. These subtypes (class-IA
PI 3-kinases) are considered to produce PtdIns(3,4,5)P3 at the
phagocytic cup. Bone marrow-derived macrophages (BMMCs)
from p85a-deﬁcient mice show defective phagocytosis [19]. Two
research groups have indicated that the p110a isoform governs a
dominant role in the phagocytosis of IgG-opsonised particles by
both RAW264.7 cells and PMA-differentiated THP-1 cells [20,21].
Another group has indicated that the introduction of anti-p110b
to BMMCs impairs FccR-mediated phagocytosis [22].lsevier B.V. All rights reserved.
K. Hazeki et al. / FEBS Letters 586 (2012) 4010–4015 4011With regard to the synthesis of phagosomal PtdIns(3)P, the ma-
jor role of Vps34 (PtdIns 3-kinase, class-III PI 3-kinase) has been
indicated by the use of inhibitory antibody [13,14], shRNA [23],
and knockout mice [24]; however, the fate of the newly generated
PtdIns(3)P has not been well described. In the present study, we
sought to determine the metabolic pathways responsible for
PtdIns(3)P elimination. To this end, we prepared cell lines derived
from RAW264.7 macrophages that lack the enzymes functioning in
PI dynamics. In normal cells, PtdIns(3)P on phagosome disappeared
by approximately 10 min after its ﬁrst appearance. The lifespan
was signiﬁcantly prolonged in cells lacking PTEN (a PI 30-phospha-
tase that produces PtdIns from PtdIns(3)P) or PIKfyve (a PI 50-ki-
nase that produces PtdIns(3,5)P2 from PtdIns(3)P). In the absence
of both PTEN and PIKfyve, PtdIns(3)P persisted over 40 min. The
data suggested the indispensable role of these enzymes in elimina-
tion of phagosomal PtdIns(3)P.2. Materials and methods
2.1. Cells lacking PI-metabolizing enzyme
Oligonucleotides with the sequence targeting PIKfyve or PTEN
(Table S1) were cloned into the pH1 vector downstream of the
H1 RNA promoter as described [21,25,26] to express siRNA (small
interfering RNA) hairpins. For each of the targeted sequences, a
pair of oligonucleotides were synthesized (Hokkaido Life Sciences,
Sapporo, Japan) with the following sequences: 50-CCC(X)19TTCAA-
GAGA(Y)19TTTTTGGAAA-30 and 50-CTAGTTTCCAAAAA(Y)19TCTCT-
TGAA(X)19GGGTGCA-30, where (X)19 is the coding sequence and
(Y)19 is the complementary sequence. The oligonucleotide pair
were annealed and ligated downstream of the H1 RNA promoter
at the PstI and XbaI sites of the pH1 vector. The vectors were trans-
fected into RAW264.7 cells [(5–10)  106 cells] at 250 V/950 lF
(Gene Pulser II; Bio-Rad). At 24 h after transfection, puromycin
(3 lg/ml) was added to the cells, and the incubation continued to
select for resistant cells. To determine the efﬁciency of the gene
silencing, total RNA was isolated with the RNeasy Mini Kit (Qia-
gen), and the mRNA was quantiﬁed by reverse transcription-PCR.
The clones showing >90% inhibition in mRNA expression were se-
lected for the present study. Control cells were prepared as above
with pH1 vector containing a 400 bp stuffer sequence instead of
the target sequence. The protein expression of PIKfyve or PTEN
was less than 10% of the control cells (Fig. S1).
2.2. Transfection of ﬂuorescent probes
The RAW264.7 cells were maintained in RPMI 1640 medium
containing 4.5 g/l glucose and 10% FCS at 37 C in a humidiﬁed
5% CO2 atmosphere. For the analysis of the PtdIns(3)P dynamics
during phagocytosis, the cells were plated on 96 well plates. At
70–90% conﬂuence, the cells were transfected with a plasmid har-
boring the chimeric construct of eGFP (enhanced green ﬂuorescent
protein) and three tandem copies of the EEA1-FYVE domain (eGFP-
3FYVE). The transfection was performed using Lipofectamine™
LTX with PLUS™ Reagent, according to the manufacturer’s instruc-
tions (Invitrogen). At 24 h after the transfection, the cells were
transferred to a glass-bottom dish (Greiner bio-one, 4 compart-
ments, TC) and cultured for an additional 24 h. Just before the
monitoring of the ﬂuorescence, the culture medium was changed
to HEPES-buffered RPMI 1640 (Sigma–Aldrich). For the simulta-
neous monitoring of PtdIns(3,4,5)P3 and PtdIns(3)P (Fig. 1), the chi-
meric construct of mRFP (monomeric red ﬂuorescent protein) and
the PH domain of Akt (mRFP-AktPH) was co-transfected with
eGFP-3FYVE.2.3. Monitoring the PI dynamics during the course of phagocytosis
SRBCs (sheep red blood cells) from Japan Lamb (Hiroshima,
Japan) were opsonized with an antibody as described [27]. Brieﬂy,
after washing three times with saline, the cells were incubated
with rabbit anti-SRBC antibody in GVB (5 mM veronal [sodium bar-
bital] buffer, pH 7.5, containing 0.1% gelatine, 75 mM NaCl,
0.15 mM CaCl2 and 0.5 mM MgCl2) supplemented with 10 mM
EDTA at 37 C for 10 min, and then on ice for 15 min. The IgG-
coated SRBCs were washed three times with GVB and were added
to the culture of RAW264.7 cells. The culture dish was centrifuged
brieﬂy using a rotor equipped with swinging buckets for plates to
sediment the SRBCs. The culture dish was then placed in a BIOREV-
O BZ9000 microscope (Keyence, Osaka, Japan) equipped with a CFI
Plan Apo VC60xH oil immersion lens, and phagocytosis was al-
lowed to proceed at 37 C. Unless otherwise stated, the ﬂuores-
cence images were collected every 1 min, and the intensity of
membrane-associated ﬂuorescence was analyzed using a BZ-II
analyzing system (Keyence, Osaka, Japan). The image of time 1
was deﬁned as the image in which the increment of ﬂuorescence
on the phagosome of interest was ﬁrst observed (see Fig. S2).
3. Results
The amounts of D-3 phosphorylated PIs are known to ﬂuctuate
markedly during the course of Fc receptor-mediated phagocytosis.
PtdIns(3,4,5)P3 accumulates transiently during the formation of
the phagocytic cup [8], whereas PtdIns(3)P is found on the nascent
phagosome [11,13,14]. To conﬁrm the time course of these events,
RAW264.7 macrophages were transiently transfected with the
ﬂuorescent proteins linked to the PH domain of Akt or the FYVE do-
main of EEA1, which have been successfully used for selective
monitoring of PtdIns(3,4,5)P3 and PtdIns(3)P, respectively [8,13].
The cells expressing both mRFP-AktPH and eGFP-3FYVE were chal-
lenged with IgG-coated SRBCs, and the ﬂuorescent images from a
single cell were collected (Fig. 1). As expected, a marked accumu-
lation of mRFP-AktPH was ﬁrst observed in the membrane extend-
ing over the opsonized particle. After internalization, the red
ﬂuorescence surrounding the particle disappeared rapidly (within
4 min), and eGFP-3FYVE began to accumulate. The green ﬂuores-
cence of eGFP-3FYVE increased gradually, peaked, and then
disappeared.
The present study was designed to determine the enzymes
responsible for the elimination of PtdIns(3)P. To this end, we pre-
pared RAW264.7 cells expressing shRNA against PI-metabolizing
enzymes. In the experiment shown in Fig. S2A, the cells expressing
the control shRNA vector were transfected with eGFP-3FYVE and
challenged with IgG-coated SRBCs. The ﬂuorescence images were
collected every 1 min, and the image in which the increment of
ﬂuorescence on the phagosome of interest was ﬁrst observed
was deﬁned as the image of time 1. For quantiﬁcation, a line was
drawn across the image of the phagosome, and the brightness
was determined along this line. The brightness value was deﬁned
as illustrated in the ﬁgure (Fig. S2B). In the control cells, the
eGFP-3FYVE ﬂuorescence on the phagosome peaked at 2–4 min
and disappeared by approximately 10 min after its ﬁrst appearance
(see control cells in Figs. 2 and 3, the combined results from three
separate cells are shown. The brightness values were normalized as
percent of the peak value in each phagosome). Because the quanti-
ﬁcation was difﬁcult when more than two SRBCs was engulfed
simultaneously or when large punctates of eGFP-3FYVE exist near-
by, the phagosomes in such conditions were not used for the
analyses.
One possible metabolic fate of PtdIns(3)P is the phosphorylation
by PIKfyve, a mammalian type III PtdInsP kinase that acts on
Fig. 1. Sequential appearance of PtdIns(3,4,5)P3 and PtdIns(3)P during the formation of the phagosome. A RAW264.7 cell expressing both mRFP-AktPH (red) and eGFP-3FYVE

















































Fig. 2. The prolonged lifespan of phagosomal PtdIns(3)P in PIKfyve-deﬁcient cells. (A) RAW264.7 cells expressing control shRNA (control) or cells deﬁcient in PIKfyve
(DPIKfyve) were transfected with eGFP-3FYVE and challenged with IgG-coated SRBCs. (B) RAW264.7 cells were transfected with eGFP-3FYVE and incubated for 30 min with
or without 1 lM YM201636 (YM) before being challenged with IgG-coated SRBCs. The brightness of the phagosome-associated ﬂuorescence was quantiﬁed as shown in
Fig. S2B. The combined results from three separate cells are shown as the means ± S.E.M.
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inhibitors or the knockdown by speciﬁc siRNA has been reported to
cause the formation of large vesicular structures in several cell
lines [29–31]. In the PIKfyve-deﬁcient cells, the rate of SRBC uptake
was not changed, suggesting that early phagocytotic events were
not disturbed (data not shown). In these cells, however, PtdIns(3)P
on the phagosomal membrane persisted as long as 20 min after its
ﬁrst appearance (Fig. 2A). The use of an shRNA probe with another
targeting sequence also produced a prolonged life span of phagos-
omal PtdIns(3)P (Fig. S3). Treatment of the control cells with
YM201636, a recently developed PIKfyve inhibitor [30], produced
a similar effect (Fig. 2B). These results indicate that the phosphor-
ylation by PIKfyve may play a substantial role in elimination ofPtdIns(3)P from the maturing phagosome. Even in the absence of
PIKfyve, however, the complete disappearance of PtdIns(3)P oc-
curs, suggesting that enzymes other than PIKfyve contribute sub-
stantially to the elimination of PtdIns(3)P.
Another possible pathway of the PtdIns(3)P elimination is the
hydrolysis of the phosphate group to produce PtdIns. Although
several lipid phosphatases, including PTEN and myotubularins,
are expected to catalyze this reaction from their in vitro behaviors,
we ﬁrst examined the role of PTEN because of its relative abun-
dance. In the cells expressing the shRNA against PTEN, the life span
of the phagosome-associated ﬂuorescence was prolonged (Fig. 3A).
The use of another targeting sequence produced a similar result



















































Fig. 3. The prolonged lifespan of phagosomal PtdIns(3)P in PTEN-deﬁcient cells. (A) RAW264.7 cells expressing control shRNA (open symbol) or cells deﬁcient in PTEN (closed
symbols) were transfected with eGFP-3FYVE and challenged with IgG-coated SRBCs. When the effect of 1 lM YM201636 on the PTEN-deﬁcient cells was examined (closed
triangle), the compound was added 30 min before the IgG-coated SRBCs. (B) RAW264.7 cells were transfected with eGFP-3FYVE and incubated for 10 min with or without
50 lM menadione before being challenged with IgG-coated SRBCs. The brightness of the phagosome-associated ﬂuorescence was quantiﬁed as shown in Fig. S2B. The
combined results from three separate cells are shown as the means ± S.E.M.
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intact-cell systems [32], increased the life span of the ﬂuorescence
(Fig. 3B). In the PTEN-deﬁcient cells treated with YM201636,
PtdIns(3)P was observable over 40 min after its ﬁrst appearance.
These data imply that PTEN and PIKfyve play major roles in elimi-
nation of phagosomal PtdIns(3)P.
4. Discussion
In this paper, we sought to determine the enzymes responsible
for elimination of phagosomal PtdIns(3)P. To this end, RAW264.7
macrophages were transiently transfected with a PtdIns(3)P-spe-
ciﬁc probe, eGFP-3FYVE, and the ﬂuctuation of PtdIns(3)P was
monitored as the intensity of the phagosome-associated ﬂuores-
cence. Because the absolute value of the ﬂuorescence intensity de-
pends on the efﬁciency of eGFP-3FYVE expression and thus was
difﬁcult to use for a direct comparison between the cells, we in-
stead measured the lifespan of the phagosome-associated ﬂuores-
cence. In normal cells, the ﬂuorescence peaked at 2–4 min and
vanished by around 10 min after its ﬁrst appearance on the phag-
osomal membrane.
The elimination of PtdIns(3)P from the phagosome is schemat-
ically attained by two pathways: hydrolysis to PtdIns and phos-
phorylation to PtdIns(3,4)P2 and/or PtdIns(3,5)P2. PIKfyve is a
type III PtdInsP kinase that phosphorylates PtdIns(3)P to produce
PtdIns(3,5)P2 [28]. In the present study, we observed that the
impairment of the PIKfyve function by shRNA (Figs. 2A and S3)or a chemical inhibitor (Fig. 2B) prolonged the life span of the
phagosome-associated PtdIns(3)P in RAW264.7 cells. We also ob-
served that the impairment of PTEN function prolonged the life
span of the phagosome-associated PtdIns(3)P (Figs. 3 and S4).
PTEN, a tumour suppresser, is a PI 30-phosphatase with the ability
to hydrolyze PtdIns(3)P, PtdIns(3,4)P2 and PtdIns(3,4,5)P3 [33]. In
addition to PTEN, myotubularins and SAC1 are known as enzymes
capable of degrading PtdIns(3)P in vitro [18]. Myotubularins exhi-
bit the lipid substrate speciﬁcity restricted to PtdIns(3)P [34],
whereas SAC1 dephosphorylates PtdIns(3)P, PtdIns(4)P and
PtdIns(5)P with a preference for PtdIns(3)P [35,36]. For phagoso-
mal PtdIns(3)P dynamics in nematode Caenorhabditis elegans, a
critical role of MTM-1 has been reported [37]. In RAW264.7 cells,
however, myotubularins may not play substantial roles in the
elimination of phagosomal PtdIns(3)P, because the degradation of
PtdIns(3)P was almost lost in the PTEN-deﬁcient cells treated with
a PIKfyve inhibitor (Figs. 3A). Our preliminary experiments have
shown that shRNA probes against MTMR2 or SAC1 do not affect
the PtdIns(3)P life span (data not shown).
In normal cells, phagosomal PtdIns(3)P peaked around 3 min
after its ﬁrst appearance. The time required to reach the peak
was increased in the cells lacking PIKfyve or PTEN (Figs. 2 and 3).
The delayed reach to the peak does not indicate the delayed forma-
tion of PtdIns(3)P, but is explained as follows. During phagosome
maturation, the rate of PtdIns(3)P production by Vps34 increases.
The recruitment of PtdIns(3)P-metabolizing enzymes to the matu-
rating phagosome also occurs, probably with different kinetics. The
4014 K. Hazeki et al. / FEBS Letters 586 (2012) 4010–4015amount of PtdIns(3)P peaks at the time when the breakdown rate
comes equal to the production rate. The impairment of one of two
PtdIns(3)P-metabolizing pathways (in the present study, we sug-
gested that two enzymes, PTEN and PIKfyve, are functioning in
elimination) may increase the absolute peak value of phagosomal
PtdIns(3)P concentration. Under the conditions, the time required
to reach the peak increases. In agreement with this consideration,
we have observed that an shRNA probe that decreases the Vps34
expression by 50% causes both the shortened lifespan and the ear-
lier reach to the peak (data not shown).
The speciﬁc activities of PTEN for PtdIns(3)P and PtdIns(3,4)P2
have been reported to be approximately one-hundredth of that
for PtdIns(3,4,5)P3 [33]. Despite this low efﬁciency as a catalyst
for PtdIns(3)P in vitro, the present study suggests that PTEN plays
a substantial role in phagosomal PtdIns(3)P elimination. An alter-
native explanation for the effect of PTEN inhibition is that
PtdIns(3)P production from PtdIns(3,4,5)P3 is increased in its ab-
sence. PtdIns(3,4,5)P3, which is produced at an early stage of
phagocytosis, can be metabolized by 30-dephosphorylation to
PtdIns(4,5)P2 or by sequential 40- and 50-dephosphorylation to
PtdIns(3)P. In the absence of PTEN, PtdIns(3,4,5)P3 may be prefer-
entially metabolized by the sequential dephosphorylation to pro-
duce PtdIns(3)P, because PTEN is the sole PI 30-phosphatase
targeting PtdIns(3,4,5)P3. We are now preparing a series of
RAW264.7 cells lacking PI 40- and 50-phosphatases to determine
the contribution of the sequential dephosphorylation pathway in
the phagosomal PtdIns(3)P formation.Funding
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